Relationships between alkaloid compounds in endophyte-infected tall fescue and ruminal metabolism were studied in two experiments. In the first experiment, different combinations of the pyrrolizidine alkaloids, N-forrnyl and N-acetyl loline, were incubated with ruminal fluid for 0, 24, or 48 h. Rate of disappearance of N-forrnyl and N-acetyl loline increased over time. After 48 h, disappearance of N-forrnyl loline and combinations of N-forrnyl and N-acetyl loline was greater than N-acetylloline. Significant amounts of N-forrnyl and N-acetyl loline were metabolized and converted to loline. In the second experiment, abomasally cannulated sheep were fed increasing amounts of endophyteinfected feed to compare diet digestibility, alkaloid metabolism, and physiological responses. Total tract DM digestibility was greatest for the endophyte-free diet, as were ruminal and total tract ADF, ruminal NDF, and total tract CP digestibilities. N-Forrnyl and N-acetyl loline recoveries averaged 5% from abomasal contents and 0% in feces. Sixty-eight percent of the pyrrolizidine alkaloids recovered in abomasal contents had been metabolizable to loline. Ergot alkaloids administered in the diet were recovered (50 to 60%) in the abomasal
INTRODUCTION
Tall fescue toxicosis affects cattle grazing tall fescue during hot summer months. It is characterized by poor BW gains, intolerance to heat, salivation, increased body temperatures and respiration rates, rough hair coats, poor milk production, and reduced conception rates, causing severe economic losses for cattle producers throughout the southeastern United States. Tall fescue toxicosis is associated with the presence of the endophytic fungus, Acremonium coenophialum, which infects tall fescue and produces alkaloid compounds that may mediate toxicosis. Three classes of compounds present in tall fescue are the diazaphenanthrene alkaloids, the ergot alkaloids, and the pyrrolizidine alkaloids. The diazaphenanthrene alkaloids are associated with both endophyte-free (EF) and endophyteinfected (EI) tall fescue; the ergot and pyrrolizidine alkaloids are associated with EI tall fescue alone. All of those compounds are suspected toxins. Perloline has negative effects on in vitro and in vivo ruminal metabolism (3, 4) . Symptoms of fescue toxicosis are similar to those of ergotism (2) , and, because tall fescue contains detectable ergot alkaloids, ergot alkaloids may be the principal alkaloids involved in tall fescue toxicosis. The pyrrolizi- Twelve Hampshire cross wethers (58 kg of BW), fitted with abomasal collection cannulas, lControl = 0 added alka1oid; IAL = added N-acetyl loline; IFL = added N-fonnyl loline; IAL plus FL = Nacetyl plus N-fonnyl loline added in combination; 5AL = added N-acetyl loline; 5FL = added N-fonnyl loline; 5AL plus FL = N-acetyl plus N-fonnyl loUne added in combination.
2AL plus FL treatments contain N-acetyl (AL) and Nfonnyl (FL) loline in a 1:2 ratio similar to that found in tall fescue.
3Amount in milligrams added to each incubation vial.
were frozen, dried to a constant weight in a lyophilizer (Virtis, Gardiner, NY), and analyzed for FL and AL contents using a modified capillary GLC procedure (20) with phenylmorphiline as the internal standard. Loline fonnation also was measured by a capillary GLC procedure (29) and quantitated by peak height. All results were corrected to 100%, time 0 alkaloid recovery. Presence of microbial fermentation was verified by measurement of gas production. Results were analyzed as a splitplot design; FL and AL alkaloid recovery was the whole plot, and time of sampling was the subplot using the general linear models procedure of SAS (26) . Replication within treatment sum of squares served as the whole-plot error tenn, and residual sum of squares was the subplot error tenn. Time effects were analyzed using orthogonal polynomials; repeated measures analysis was used for verification. When time was significant, treatments were separated within time period using Bonferroni's t statistic. Previous research has shown that compounds with potent toxicological or phannacological activity are degraded in the ruminant forestomach (7) . Mimosine (28), glucopyranose (13) , and oxalate (8) are examples of compounds degraded in ruminal fluid cultures. In addition, researchers (5, 22) have studied the effects of ruminal metabolism on degradation of some naturally occurring pyrrolizidine alkaloids. However, no estimates of ruminal metabolism have been made for the alkaloids present in EI tall fescue. If these alkaloids are destroyed in the rumen, then less should be available for absorption. This research was completed to detennine the extent of in vitro alkaloid degradation when different combinations of the pyrrolizidine alkaloids, FL, and AL, are incubated in ruminal fluid. Also reported is research using sheep equipped with abomasal sampling cannulas and an inert ruminal flow marker to determine alkaloid recovery. The influence of dietary concentrations of alkaloids on diet digestibility also was studied.
Experiment 1
Treatments (four replications per treatment) consisting of seven different combinations (Table 1) of FL and AL were added to incubation vials containing .5 g of an EF fescue diet (8% cracked corn, 8% soybean meal, 78% 'Johnstone' tall fescue hay, 5% molasses, and 1% vitamin and mineral supplements), 25 ml of ruminal fluid (from a steer consuming the same diet), and 25 ml of McDougall's buffer solution (23) and incubated in a 37·C shaking water bath for 0, 24, or 48 h. All techniques were perfonned anaerobically. Combination treatments contained FL and AL in approximately the same ratio (1 :2, wtlwt) found in EI tall fescue. Purified alkaloids were prepared courtesy of the USDA-ARS (Peoria, IL) by the procedure of Petroski et al. (25) . All samples were allotted to a completely random arrangement of treatments and placed on their respective diets (Tables 2 and 3 ). Wethers were fitted with abomasal cannulas (Precision Machine Co., Lincoln, NE) using surgical procedures described by Komarek (21) . Postsurgical antibiotic treatmen.t consisted of 400,000 units of procaine penicillin G and .s g of dihydrostreptomycin intramuscularly for 4 d following surgery.
'Johnstone' (EF) and 'Kentucky-31' (En tall fescue were used as sources of EF and EI seed. Chromic oxide was used as an inert marker and added to the diets using a ground com premix. Actual alkaloid (FL plus AL) intakes were 0 mg (EF), 945 mg (EI945), and 2346 mg (EI2346)1d per sheep on the respective treatments. Sheep were adapted to diets for 10 d. During the adaptation period, all sheep were placed in metabolism crates and fed at 0800 and 2000 h. Intake was equalized at 1200 gld per sheep. At the end of the adaptation period, 6-d samples were collected as described by Hays grab sample were collected at each time. All samples were lyophilized in a Virtis lyophilizer and composited by weight (except when inadequate sample precluded an equal composite). Orts were weighed back after each feeding, and water intake was measured daily. Rectal temperatures and respiration rates were taken on d 2, 4, and 6; results presented are the average of three measurements. Blood samples were taken on d 5, and serum was separated and frozen until later analysis for alkaline phosphatase.
Feed, digesta, and fecal samples were analyzed for DM, ADF, NDF, CP, FL, AL, and the ergot alkaloids, ergovaline and ergovalinine. Both ADF and NDF were analyzed using the method of Goering and Van Soest (11) . Kjeldahl N was determined using AOAC (1) procedures. Contents of FL and AL were determined as described previously. Ergot alkaloids were determined using a modification of the HPLC procedure of Yates and Powell (30); quantitation was by peak height, and results were expressed as total ergots (ergovaline plus ergovalinine). Chromic oxide was determined using the spectrophotometric method of Hill and Anderson (17) . Estimates of nutrient digestibility and alkaloid disappearance were made using chromic oxide:nutrient ratios. Serum samples were analyzed for alkaline phosphatase .using a Multistat m Micro Centrifugal Analyzer™ ..~tnlan .Kodak, Rochester, NY). . bLinear effect of time on percentage of loline alkaloid recovery (P < .01).
cQuadratic effect of time on gas production (P < .05).
!Total = N-Formyl plus N-acetyl loline; FL = Nformyl loline; AL = N-acetyl loline.
All data, except alkaloid recovery, were analyzed as a completely randomized design; orthogonal contrasts were used to separate treatment means. The following contrasts were made for diets: EF versus (EI945 and EI2346), and EI945 versus EI2346. Alkaloid recovery was analyzed as a split-plot design; treatment was the whole plot, and site of sampling was the subplot. Replication within treatment sum of squares was the error term for separating treatment means, and residual sum of squares was the error term for separating site of sampling means. Site of sampling means were separated using orthogonal contrasts. Contrasts made were dietary alkaloid recovery versus recovery in digesta (abomasal contents plus feces) and abomasal contents versus feces recovery. All statistical procedures were carried out using the general linear models procedure of SAS (26) .
RESULTS AND DISCUSSION
Results of Experiment 1 are presented in Tables 4 and 5 . Gas production (Table 4) increased (P < .01) over the 48-h incubation period, conftrming microbial activity. Time zero alkaloid recovery averaged 88% for all treatments and was higher for I-mg (97%) than for 5-mg (77%) treatments. The reasons for those differences are unclear, but differences may have resulted from analytical error or from spontaneous deformylation or deacylation when ruminal fluid was added to incubation vials. A quadratic (P < .05) effect was present of time on recovery of total alkaloids, FL, and AL over the 48-h incubation ( lControl =0 added alkaloid; IAL =added N-acetyl loline; IFL =added N-formylloline; IAL plus FL =N-acetyl plus N-formylloline added in combination; SAL =added N-acetyl loline; 5FL =added N-formylloline; SAL plus FL = N-acetyl plus N-formyl loline added in combination.
2AL plus FL treatments contain N-acetyl (AL) and N-formyl (FL) loline in a 1:2 ratio similar to that found in tall fescue.
time response (P < .01) and a time by treatment response (P < .01). Because of this time by treatment effect, data were analyzed within time periods to determine treatment differences (Table 5) . No treatment differences occurred in alkaloid recovery after 24 h (P > .20). However, after 48 h, recoveries of FL and FL plus AL combinations were significantly less than AL recovery (P < .(01). Not only was FL more readily degraded than AL, but its presence also decreased recovery of AL in combination treatments.
Quadratic time effects and repeated measures analysis indicate that degradation increased over the 48-h incubation. Microbial adaptation to substrates often is characterized by a lag phase of growth (18) . This lag phase is a period when little growth occurs prior to microbial adaptation. Rate of alkaloid degradation may increase after this adaptation is complete. Readily fermentable substrates also may have been depleted, and the microbial population began using alkaloids as an energy source during the second 24 h.
Metabolism of FL and AL and conversion to the alkaloid loline increased as incubation increased (Table 5 ), but only in FL or FL plus AL combinations. Conversion to loline accounted for only a portion of total disappearance. In contrast, no conversion was observed on either AL treatment. No conversion to other pyrrolizidine alkaloid derivatives, such as norloline or N-methyl loline, was observed.
Results of Experiment 2 are presented in Tables 6, 7 , and 8. Table 6 compares the influence of three levels of endophyte infection on nutrient digestibility, rectal temperature, respiration rate, and water intake. Digestibility of all components measured was less for EI diets than for the EF diet. Total tract DM digestibility (P < .10), ruminal and total tract ADF and CP digestibilities (P < .05), and ruminal NDF digestibility (P < .06) were highest on the EF diet. The EI945 diet ap- IEF versus EI differ (P < .10). bEI945 versus EI2346 differ (P < .10).
cEF versus EI differ (P < .05).
dEF versus EI differ (P < .05). eEI945 versus EI2346 differ (P < .10).
fEF versus EI differ (P < .06).
8EF versus EI differ (P < .06). hEI945 versus EI2346 differ (P < .05). peared to maximize these effects. Total tract DM and ADF digestibilities were higher in sheep fed the EI2346 diet than in those receiving the EI945 diet. Depressed digestion is in agreement with observations of Hannah et al. (14) and Fiorito et al. (9), who also found depression in digestibility when sheep and lambs consumed EI tall fescue. No differences existed in rectal temperature between EF and EI diets (P > .10). Mean rectal temperature (39.63°C) of sheep fed the EI2346 diet was higher than for those of sheep fed the EI945 diet (39.47°C). Although significant, this small difference is of doubtful biological significance. No differences were significant between treatments in respiration rate, water intake, or serum alkaline phosphatase concentrations. Smith (27) found depressed concentrations of alkaline phosphatase in cattle consuming EI tall fescue. However, Fiorito et al. (9) found no differences in alkaline phosphatase concentration of lambs consuming low and high endophyte diets. The alkaline phosphatase concentrations in the present study are much lower than those previously reported. Recovery of FL and AL alkaloids from abomasal and fecal samples of sheep fed EF or EI diets is summarized in Table 7 . Recovery averaged 5% of dietary administered alkaloids in abomasal contents (P < .001), and no alkaloids were detected in the feces. Recovery of AL averaged 10.4 and 7.5%, and recovery of FL averaged 3.6 and 3.2% for the EI945 and EI2346 diets, respectively. Chromato- aDietary a1kaloid percentage of recovery differs from abomasal digesta or feces (P < .001).
bAbomasai digesta percentage of recovery differs from feces (P < .01). IEF = Endophyte-free diet, EI945 = endophyte-infected diet containing 945 J.lg of N-formyl plus N-acetyl loline a1kaloidlg of diet; E12346 = endophyte-infected diet containing 2346 J.lg of N-formyl plus N-acetylloline a1kaloidlg of diet; and NP = alkaloids not present in EF diets.
Journal of Dairy Science Vol. 76, No. 2, 1993 grams from pyrrolizidine alkaloid analyses indicated that loline increased in abomasal digesta samples, further confirming the conversion to loline in the in vitro experiment. The loline alkaloids recovered in abomasal digesta accounted for about 10% of the total FL and AL fed. Table 8 shows ergot alkaloid recovery. Recoveries of ergot alkaloids were significantly (P < .001) reduced in the abomasal digesta, and concentrations in the feces were much lower (P < .01) than in abomasal contents.
Alkaloid disappearance was much greater in the sheep experiment. Over 90% of FL and AL alkaloids disappeared anterior to the abomasum and 100% prior to the feces, compared with only 30 to 40% disappearance after a 24-h in vitro incubation. Only after a 48-h incubation was alkaloid disappearance similar to that in the sheep experiment. As in the in vitro experiment, portions of FL and AL were converted to loline. Some of these differences may be explained by absorption from the rumen in the in vivo system, by a greater microbial adaptation time in vitro, the complexity of the ruminal environment, or a combination. These experiments were intended to determine the relationships among EI tall fescue, alkaloid compounds produced by EI tall fescue, and biochemical processes occurring in the rumen. The in vitro alkaloid experiment provides evidence that alkaloids are degraded in ruminal fermentation. Disappearance of FL and AL increased over the 48-h incubation period. The greatest alkaloid disappearance occurred in the FL and FL plus AL combination treatments; the least disappearance occurred in treatments containing only AL. As disappearance of FL and AL increased, the appearance of loline increased. Appearance was greatest in those treatments containing FL; in treatments containing AL alone, loline was not present.
Chromatograms indicate that FL and AL alkaloids were converted to loline in vivo as well as in vitro; quantitation indicated conversion was extensive, particularly in the sheep experiment, which partially explains the difference between the two experiments. These data indicate a conversion of FL and AL to loline during ruminal metabolism (Figure 1 ). The majority of this conversion apparently is from FL (the predominant pyrrolizidine alkaloid in tall fescue), but appreciable quantities of AL may be converted as well. Loline inhibited the mitogenic growth of blood lymphocytes more than either FL or AL (15) . The conversion of relatively nontoxic compounds by ruminal microbes to more toxic compounds is known to occur, as in the case of tryptophan, which can be converted to 3-methyl-indole and is responsible for acute bovine pulmonary emphysema, or in the conversion of nitrate to nitrite during nitrate poisoning (6).
... In the sheep experiment, estimates of ergot alkaloid disappearance were also made. The fraction of ergot alkaloids (ergovaline and ergovalinine) that disappeared before abomasal collections was much less than for FL and AL alkaloids (between 40 and 50%). The relative stability of the ergot alkaloids toward ruminal bioconversion suggests that they may play a greater toxic role than the pyrrolizidine alkaloids in the etiology of tall fescue toxicosis because they remain available for postruminal absorption. However, which alkaloids have the greater effect is inconclusive from these data because of the possible ruminal absorption of FL and AL and because of the potential toxicity of loline, a ruminal metabolic product. The absence of FL, AL, or loline in fecal collections also supports possible postrurninal absorption of these compounds.
In vitro studies by Bush et al. (4) showed that perloline inhibited cellulose digestion and the growth of certain cellulose-degrading microbes, and an in vivo study by Boling et al. (3) indicated that perloline decreased both CP and cellulose digestion. In the present experiment, ruminal and total tract ADF digestibility decreased, as did ruminal NDF digestibility, in sheep consuming EI tall fescue relative to controls. These measurements agree with similar results of Fiorito et al. (9) and Hannah et al. (14) . However, Neal and Schmidt (24) found increased digestibility of OM, crude fiber, and nitrogen-free extract when EI seed was fed to rats; and Goetsch et al. (12) reported increased OM, NDF, and nitrogen digestibility as the EI material in the diet increased. Both Neal and Schmidt (24) and Goetsch et al. (12) allowed the ad libitum consumption of EI material to depress intake (relative to EF controls fed for ad libitum intake), which may be expected to increase digestibility. Intake was equalized in the present study and in studies by Fiorito et al. (9) and Hannah et al. (14) , who also reported depressed digestibility of fibrous components.
Hannah et al. (14) reported 17 and 15% reduction in cellulose and NOF digestibility, respectively, and Fiorito et al. (9) reported 15 and 8% reduction in AOF and NDF digestibility, respectively, when sheep were fed EI diets. In the present study, total tract ADF and NDF digestibility (average of two EI treatments) were reduced relative to controls by 9 and 4%, Journal of Dairy Science Vol. 76, No. 2, 1993 respectively. Ruminal ADF and NDF digestibility (average of two EI treatments) were reduced 28 and 15%, respectively. It is unclear why digestibility in the EI2346 treatment increased relative to that in the EI945 treatment. Hannah et al. (14) reported the greatest reduction in fiber digestibility in the treatments containing the greatest level of endophyte infection. Errors in sampling or in distribution of marker in the feed are possible explanations for the differences between these two treatments.
Ruminal metabolism is clearly influenced by EI tall fescue; however, which alkaloids mediate this effect is not known. Perloline has negative effects on fiber digestibility. However, perloline effects probably were limited in the present study because perloline is only present in very small quantities in tall fescue seed [(10); L. P. Bush, 1991, personal communication]. Because seed was used as the source of endophyte infection, it is unlikely that digestibility depressions were mediated by perloline and more likely that they were related to one of the other toxic factors in EI tall fescue. Perloline also is present in only minute quantities in 'Johnstone' tall fescue hay (L. P. Bush, 1991, personal communication) . 'Johnstone' was the tall fescue cultivar used as a hay source in this study. Further research is required to determine which factors in tall fescue are responsible for the observed digestibility depression.
CONCLUSIONS
The results indicate that 1) both ergots and FL and AL alkaloids disappear from the rumen in vivo, 2) disappearance of FL is greater than that of AL, 3) FL is converted to loline, and 4) dietary digestibility is depressed by EI diets.
